Reverse transcriptase template switching has been invoked to explain several aspects of retrovlral replication and recombination, and has been reported In vitro for the Moloney murine leukemia virus (MMuLV) reverse transcriptase. During in vitro cDNA synthesis, the avian myeloblastosis virus (AMV) reverse transcriptase can switch from one template to another in a homology-dependent and temperature-dependent manner. Chimeric cDNA molecules are generated within 30 min at high incubation temperatures, with an increasing efficiency from 42°C to 50°C. Such products are detectable only after much longer incubation times when primer extension reactions are carried out at lower temperatures (90 min at 37°C).
INTRODUCTION
Primer extension is widely used to map and quantitate the 5'-ends of both prokaryotic and eukaryotic RNA, as well as to detect their precursors and processing intermediates. The RNA is hybridized with an excess of a single-stranded DNA primer, often radiolabeled at its 5'-terminus, and reverse transcriptase is used to synthesize cDNA complementary to the RNA template. After electrophoresis of the cDNA through a polyacrylamide gel under denaturing conditions, the 5'-end of the RNA is detected as a major reverse transcriptase stop, and its distance from the 5'-terminus of the primer is given by the length of the resulting end-labeled cDNA.
Two forms of reverse transcriptase [RNA-dependent DNA polymerase (EC 2.7.7.49)] are commercially available the first is purified from avian myeloblastosis virus (AMV) and consists of two polypeptide chains (95kD and 63kD), that carry both a polymerase activity and a powerful RNAase H activity (an endonucleolytic attack on the RNA moiety of DNA-RNA hybrids followed by an exonucleolytic degradation of its 5' portion) (1, 2) . The second enzyme is isolated from a strain of E.coli that expresses a cloned copy of the reverse transcriptase gene of the Moloney murine leukemia virus (M-MuLV), and consists of a single polypeptide chain (84kD) carrying a polymerase activity and a comparatively weak RNase H activity (3) . Both enzymes lack a 3'-5' exonuclease active on DNA. The avian enzyme is usually employed because its optimum temperature for polymerization is 42.5°C, and it is even possible to incubate the reaction at 50 c C; this makes it useful for efficiently copying RNA rich in secondary structures. On the other hand, the murine enzyme has a temperature optimum of 37°C and is rapidly inactivated at higher temperatures.
In this work, we demonstrate that, during in vitro cDNA synthesis, AMV-reverse transcriptase can switch from one template to another in a homology-dependent and temperaturedependent manner. The primer extension products generated in this manner can be easily and wrongly taken for cDNA corresponding to recombinant RNA, or to RNA transcribed in vivo from DNA molecules which have undergone a homologous recombination event.
MATERIALS AND METHODS

Bacteria and phages
E.coli B E (su~) was the host for the growth of the wild-type T4D + phage. The E.coli XLl-Blue strain (recAl, lac', endAl, gyrA96, thi, hsdR17, supE44, relAl, (F\ proAB, laclq, lacZAM15}) (Stratagene) (4) was used to clone the pGEM-M0T3 and pGEM-M0T5 plasmid. The plasmids were then transfered to the E.coli strain MC1061 (F~ araO l39 deHaraABOIC-leu)d elQac) x74 galK rpsL hsr~ hms + ) (5).
Enzymes and chemicals AMV-reverse transcriptase was obtained from Boehringer Mannheim. T4 polynucleotide kinase and T4 DNA ligase were from Promega. Other enzymes and chemicals were purchased from commercial sources.
Plasmids
The pGEM-MOT3 and pGEM-MOT5 plasmids are derivatives of the pGEM-3Z plasmid vector (Promega). pGEM-M0T3 carries a 117-bp Hind ULHind m DNA fragment, containing a polylinker sequence and the T4 motA gene sequence extending from coordinates -11 to +65 (Hind m site) relative to the transcription initiation site (Fig. 1 Hind BUEcoR I DNA fragment, containing a polylinker portion and the sequence extending from coordinates -11 to +21 relative to the transcription initiation site of the T4 motA gene (6,7).
T4 phage infection and RNA purification MC1061 containing the desired plasmid was grown in the Mops/Tricine medium (8) at 30°C. The medium contained 0.4% glucose, 2mM potassium phosphate, and each of the 20 amino acids at 0.4mM. When bacteria reached a cell-density of 3-5X10 8 bacteria/ml, chloramphenicol was added at a final concentration of 200/tg/ml. After 5 min, the cells were infected by T4D
+ at a multiplicity of 5-7. At the desired times, aliquots were taken and the total RNAs were extracted (6).
Primer extension reactions
Two synthetic oligodeoxynucleotides were used to prime reverse transcriptase in vitro ft) A 24-mer, CGTAGCAGl'l'lTl'lCATT-CAGAAC, complementary to nucleotides 75-98, relative to the transcription initiation site, of the motA gene (6,7) (kindly provided by M. Uzan).
(ii) The 17-mer, GTAAAACG-ACGGCCAGT, M13 universal primer, was synthesized using a Milligen/Biosearch 7500 DNA synthesizer, deprotected and purified on a 20% acrylamide-7M urea gel. They were 5'-end labeled by T4 polynucleotide kinase with fr-^PJATP (9) and then separated from unincorporated labeled nucleotide by two precipitations with 3M ammonium acetate, 20/tg of glycogen and 2 volumes of ethanol.
In a standard primer extension reaction (10), up to 10/tg of total RNA was annealed to the desired end-labeled primer (up to O.lpicomole) in 3/d of hybridization buffer [50mM Tris-Hcl (pH8.3), 60mM NaCl]. The mixture was incubated for 5 min at 70°C and then frozen in a solid CC^/ethanol bath for 1 min. It was thawed slowly on ice, after which were added 1/tl of all 4 deoxynucleotide triphosphates (dATP, dCTP, dGTP and dTTP) at a final concentration of 400/tM each, and 1/tl containing 1.25 unit of AMV-reverse transcriptase that had been diluted in 50mM Tris-Hcl (pH8.3), 60mM NaCl, 30mM MgCl 2 and 50mM dithiothreitol. The final volume was 5/tl. Reactions were incubated at 50°C for 30 min (unless otherwise indicated), and dien 5/tl of loading buffer (98% deionized formamide, 0.1% xylene cyanol, 0.1 % bromophenol blue and 20mM Na 2 EDTA) were added. For RNA sequencing, the annealing reaction was performed in 10/tl of total volume. Four chain-termination reaction mixtures, each containing 2/tl of the above mixture, 1/d of a solution of all four dNTPs (2mM each), dithiothreitol (lOmM), one of the four dideoxynucleotides (0.5mM) and 1.25 unit of AMV-reverse transcriptase, were incubated for 60 min at 50°C. The products of reverse transcription were analysed on a 5% polyacrylamide-7M urea gel. After electrophoresis, gels were fixed, dried and autoradiographed.
For quantitation of ^P in the dried gels, a Molecular Dynamics Phosphorlmager™ was used and the data displayed and analaysed by the ImageQuant™ software. The amount of secondary products (SP) relative to total cDNA is referred to as the percentage of template switching.
RESULTS
Primer extension analysis of motA mRNA Transcriptional activation of middle genes in bacteriophage T4 requires the phage-encoded motA protein (10-13), whose synthesis starts immediately after infection and stops abruptly some 4-5 min later (14) . The motA gene is transcribed from an early promoter (PmotA), used by the host RNA polyrnerase immediately after infection, even when infection is carried out in the absence of T4-specific protein synthesis (infection in the presence of chloramphenicol). Hence, using the AMV-reverse transcriptase and a motA-specific ^-labeled primer, transcripts from PmotA can be detected, among the RNA population extracted from chloramphenicol-treated, T4-infected E.coli cells. Such primer extension analysis gives only one reverse transcriptase 'hard stop' (primary products, PP), which corresponds to the 5'-end of motA mRNA initiated at PmotA (6) ( Fig. 2A, lanes b-g) . The pGEM-MOT3 plasmid is a pGEM-3Z derivative carrying the 76-bp DNA fragment extending from coordinates -11 to +65 relative to the transcription initiation site of the T4 motA gene. This DNA fragment contains no promoter activity and was inserted in the lacZ' region of that vector, downstream of the lac promoter (Plac) and in the direction of its transcription (Fig. 1 ). When we used as templates RNAs extracted (in the same conditions as in the experiment shown in Fig. 2A , lanes a-g) from T4-infected, pGEM-MOT3-containing MCI061 cells and the ^P-labeled motA 24-mer primer ( Fig. 1) , a second major reverse transcriptase stop (secondary products, SP) was seen immediately after infection (Fig. 2A, lanes i-n) . In MC1061 cells carrying pGEM-M0T3, the Plac promoter is used constitutively to generate the plasmid-derived motA transcripts, and is turned-off after T4 phage infection (Fig. 2B, lanes a-g) . Here, we emphasize that the motA 24-mer primer is not complementary to these plasmid-derived motA transcripts, and only the infecting phage-derived motA mRNAs would have been detected in the primer extension analysis shown in Fig. 2A Qanes i-n) .
There are at least two hypotheses that might explain the generation, in the primer extension analysis shown in Fig. 2A  (lanes i-n) , of the secondary products (SP). In the first, the integration of the pGEM-M0T3 plasmid into the homologous region of the infecting phage chromosome generates chimeric lacZ'/motA transcripts. The alternative hypothesis implicates a homology-dependent template switching of the AMV-reverse transcriptase, during the in vitro cDNA synthesis, from T4 motA transcripts (initiated on the T4 chromosome at the PmotA promoter) to the plasmid-derived motA transcripts (initiated at the Plac promoter).
Mattson et al. (15) have reported that a homologousrecombination event between a plasmid-borne T4 sequence and the infecting phage chromosome leads to the integration of the complete plasmid molecule into the phage genome. If such is the case, the transcripts initiated at a Plac promoter located on a chimeric T4 genome, where die pGEM-MOT3 plasmid is integrated, could be detected, and primer extension using the •^P-labeled motA 24-mer primer should result in 240-nt. long cDNA molecules. In our experiments, many results argued against the recombination hypothesis i) the kinetics of accumulation of the chimeric lacZ'/motA transcripts [too fast to be accounted for by a recombinational event ( Fig. 2A, lanes  i-n) ] ii) the independance from the genetic requirements for 
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Ratio of templates analyses (results not shown). Thus, the homology-dependent plasmid integration hypothesis appeared very unlikely.
Chimeric cDNA molecules can be generated in vitro In order to find out whether the secondary primer extension products detected above result from a homology-dependent template switching of the AMV-reverse transcriptase during in vitro cDNA synthesis, the following experiments were performed. Total RNAs extracted 5 min after infection from chloramphenicol-treated, T4D
+ infected MC1061 cells (source of T4 motA mRNA) were hybridized with the ^P-labeled motA 24-mer primer, and used as templates for AMV-reverse transcriptase. Only the motA mRNAs initiated at the T4 PmotA early promoter were detected (Fig-3A, lane i) . On the other hand, in a primer extension carried out on RNAs extracted from MCI061 cells carrying the pGEM-MOT3 plasmid (source of plasmid-derived motA mRNA), and using the 32 P-labeled motA 24-mer primer, nothing was detected (see Fig. 2A, lane h) . However, when those two purified RNA pools are mixed and primed with the ^-labeled motA 24-mer primer, the secondary primer extension products were detected (Fig.3A, lanes b-h) . The presence among these RNAs of the plasmid-derived motA transcripts (initiated at the Plac promoter) was verified by using the 32 P-labeled M13 universal primer (lane a). Here, we note that the amount of the secondary primer extension products (SP) thus generated, relative to total cDNA, is dependent on the relative concentrations of the two motA RNA species in the reaction mixture. With a 6-fold excess (w/w) of any one of the two motA mRNA pools relative to the other, the generated secondary products (SP) represent up to 10% of the total cDNA ( Fig. 3A and 3B ). In fact, the primer extension products, the length of which is higher than that of the primary products (PP), represent up to 38% of the total generated cDNA (Fig. 3A) . Furthermore, a dideoxynucleotide chain-termination RNA sequencing reaction, carried out in the same conditions as in the primer extension reaction shown in Fig. 3A (lane e), revealed that these secondary products (SP) are chimeric cDNA molecules (Fig. 4) . On the other hand, when the plasmid-derived motA mRNA are transcribed from pGEM-MOT5 (see Material & Methods) and share only 21-nt. with the T4 motA mRNA (Fig. 5,  lane b) , or when lacZ' transcripts did not contain any motA sequences (transcribed from the pGEM-3Z plasmid vector) (results not shown), the SP products were not detectable.
Thus, the mechanism accounting for these results is a homology-dependent intermolecular recombination (template switching) during in vitro cDNA synthesis. There have been no reports so far on such events for the AMV-reverse transcriptase in vitro, but Luo and Taylor (16), using a model in vitro system with purified templates, have shown that the Moloney murine leukemia virus (M-MuLV) reverse transcriptase can switch to a second template after reverse transcribing to the end of an RNA template (see discussion). Here, we note that the relative concentrations of the two motA RNA species that were used in the experiments that will be described below are as in lane e of Fig. 3A (2/tg of each motA RNA pool are mixed and used as templates for the AMV-reverse transcriptase).
The AMV reverse transcriptase in vitro template switching is temperature-dependent
Knowing that all the primer extension reactions described above were performed at 50°C for 30 min, we next asked whether the temperature of incubation has an effect on these template switching events. To answer this question, primer extension reactions were carried out at several temperatures. As shown in Fig. 6A (lanes a and b) , up to 37°C no secondary primer extension products can be detected. However, such molecules are generated when reactions are incubated at higher temperatures, and this with an increasing efficiency from 42 °C to 50°C (Fig. 6A, lanes c-e) . At 50°C, the secondary products (SP) represent more than 9% of the generated cDNA molecules, whereas they represent less than 0.6% at 42°C and 1.5% at45°C. This clearly demonstrates the in vitro temperature-dependence of the AMV-reverse transcriptase template switching. Furthermore, a primer extension reaction was carried out at 30°C for 10 min to achieve cDNA synthesis (Fig. 6B, lane a) and an aliquot was removed and incubated at 50°C for an additional 30 min. The temperature shift, from 30°C to 50°C, resulted in the elongation of 23 % of the presynthesized primary products (PP) and the generation of secondary products (SP) that represent more than 6% of the total cDNA (Fig. 6B, lane b) .
Thus, at higher temperatures, the 3'-ends of some of the primary products (PP) may be peeled from their templates and could then base-pair to the homologous region of the alternative (plasmid-derived) templates and prime the synthesis, by the reverse transcriptase, of a longer (chimeric) cDNA molecules (SP). When incubation is continued for longer periods, these secondary products accumulate to higher levels (more than 15% in 90 min, at 50°C) (Fig. 7) . At lower temperatures, template switching proceeds at a very low rate and the secondary primer extension products (SP) are detectable only after long incubation times (i.e. 90 min at 37°C) (Fig. 7) . Here, we note that, using the M-MuLV enzyme with our system in 30 min primer extension reactions, we did not detect any template switching (results not shown). At high incubation temperatures (42°C to 50°Q, the synthesis of the primary primer extension products can be achieved, but it seems that the M-MuLV-reverse transcriptase is rapidly inactivated at these temperatures. Nonetheless, template switching has been reported for the M-MuLV reverse transcriptase when using purified in vitro generated RNA templates and much longer incubation times (up to 3 h) at 37 °C (16) .
In addition to the variables tested above, the concentration of AMV-reverse transcriptase can influence template switching. As shown in Fig. 8 , in the range of 0.5 to 5 reverse transcriptase units, the template switching efficiency is increased from 3.5% to 9.4%. However, in a primer extension reaction carried out in the presence of 12.5 Units, the secondary products (SP) are generated with a relatively low efficiency, whereas the level of the primary products is not affected. This inhibition may be due to the high amount of glycerol present in this reaction [5% (v/v)].
DISCUSSION
The ability of reverse transcriptase to switch from one template to another has been invoked to explain several aspects of retrovirus genome replication and recombination (see ref. 17 for review), as well as in oncogene transduction (18) and in transposition of yeast Saccharomyces cerevisiae Ty elements (19) .
In order to get a better inderstanding of template switching, Luo and Taylor (16) set up a model in vitro system with purified templates and enzymes in which the switching was quantitated and characterized. This system involved the use of an end-labeled 14-mer DNA primer so as to allow the quantitation of elongation, by the M-MuLV-reverse transcriptase, on a donor RNA template relative to the amount of elongation achieved by template switching (by means of sequence homology) when an acceptor RNA template was added.
In our system, the two RNA templates are generated in vivo and share T4 motA sequences (65-nt. homology) (Fig. 1) . When a 30 min primer extension reaction, using the AMV-reverse transcriptase, is carried out on a pool of cellular RNAs containing these RNA templates, or on a mix of two different RNA pools, each containing one of these motA transcripts, a significant amount of chimeric cDNA was generated, especially at high incubation temperatures (42°C to 50°Q (Fig. 6A, lanes c-e) . During cDNA synthesis, the AMV-reverse transcriptaseassociated RNase H activity degrades the RNA moiety in RNA-DNA hybrid and, upon completing synthesis, heterogeneous RNA oligomers of 7-16 bases remain hybridized to the 3'-terminus of the full-length cDNA strand (2-9 bases in die case of M-MuLV-reverse transcriptase) (2) . Thus, at high temperatures, some of these short RNA-DNA hybrids may be disrupted and the 3'-end of the cDNA becomes available for basepairing to the complementary region of a second RNA template. Here, we emphasize that our results, relative to the 'temperatureshift' experiment ( Fig. 6B) , are in agreement widi this idea. Moreover, Luo and Taylor (16) showed that at 37°C, a MMuLV-reverse transcriptase lacking RNase H function switched about 27 times less frequently than the normal enzyme. Hence, all incomplete cDNA molecules generated by abortive synthesies (especially when reverse transcribing over long distances or RNA rich in secondary structures) could cross-hybridize to alternative templates and promote template switching. The apparent requirement for at least some unwinding of the 3'-end of the primary product may be relevant not only here, but also for template switching events that occur in vivo (i. e. during retrovirus genome replication and recombination). In addition to incubation temperature, many other variables can affect the efficiency of template switching, (i) The extent of sequence homology between the two templates when the two motA RNA species share less sequence homology (about 21-nt. in common) (Fig. 5, lane b) , the SP products were not detectable. In Luo and Taylor's system (16) , as the amount of overlap between the donor and acceptor templates was decreased from 100-nt. to 40 and 20-nt., there was adecrease in the amount of switching. With no more than 10-nt. of overlap, there was no detectable switching. These results and ours, both indicate that the probability of the essential interaction between primary product and acceptor template is dependent on the extent of sequence homology between the two templates, (ii) The relative amounts of the donor and the acceptor template to a certain extent, an increase of the molar excess of one template relative to the other, leads to an increase of the switching efficiency (Fig. 3  and ref. 16 ). (Hi) The reaction time ( Fig. 7 and ref. 16 ). Furthermore, in this work, template switching in the course of reverse transcription occurs in a genetic context ressembling that described by Luo ami Taylor (16) . In both systems, the homology region is located at the 5'-end of the donor template, and switches are forced by transcription coming to die end of this template. In Fig. 2B , reverse transcription by the 32 P-labeled M13 universal primer did not generate detectable shorter (chimeric) cDNA molecules, indicating that switching from within the region of sequence homology, even if it can not be completely excluded, is expected to be relatively minor.
Here, we emphasize that in our system, after having switched, more than 70% of the the reverse transcriptases paused or stalled before the 5'-end of the acceptor template. Hence, template switching efficiencies (amount of secondary products (SP) relative to total cDNA) reported above are underestimations of the effective frequencies at which template switching occurs. Therefore, we believe there is ample evidence that in vitro template switching events could lead to misinterpretation of primer extension results obtained in peculiar experimental situations, such as the one analysed in the present paper. Furthermore, given the presence, in eukaryotic genomes, of many multigene families and the high content of these genomes in repetitive DNA sequences, template switching could make a significant contribution to the global population of the molecules generated during the construction of a given eukaryotic cDNA library. Eventhough syntiiesis of such products can be reduced by carrying reverse transcription reactions at low temperatures (30-37°Q for short periods of time, or by using RNase Hlacking reverse transcriptases, care should be taken if using powerful strategies such as the RT/PCR method to identify rare mRNAs.
